We present a study of the pulsed current switching characteristics of spin-valve nanopillars with in-plane magnetized dilute permalloy and undiluted permalloy free layers in the ballistic regime at low temperature. The dilute permalloy free layer device switches much faster: the characteristic switching time for a permalloy free (Ni0.83Fe0.17) layer device is 1.18 ns, while that for a dilute permalloy ([Ni0.83Fe0.17]0.6Cu0.4) free layer device is 0.475 ns. A ballistic macrospin model can capture the data trends with a reduced spin-torque asymmetry parameter, reduced spin polarization and increased Gilbert damping for the dilute permalloy free layer relative to the permalloy devices. Our study demonstrates that reducing the magnetization of the free layer increases the switching speed while greatly reducing the switching energy and shows a promising route toward even lower power magnetic memory devices compatible with superconducting electronics.
There is a growing interest in spin-transfer devices that work in a cryogenic environment, such as for use in superconducting logic and circuits [1] . While past low temperature memory efforts combined, for example, Josephson and complementary metal-oxide semiconductor devices in hybrid circuits or explored circuits that stored magnetic flux quanta in superconducting loops [2, 3] , these approaches did not simultaneously offer high speed, low power, and scalability. Spin-transfer torque (STT) driven magnetic memory elements are known to be non-volatile, fast, and energy efficient [4, 5] , but so far, they are almost exclusively being developed and tested for commercial applications [6] , which require operation at and above room temperature. Cryogenic operation with superconducting circuits change device and material requirements. For example, the magnetic anisotropy energy barrier that stabilizes the magnetic states and permits long-term data retention can be greatly reduced. Large magnetoresistance also may not be essential given the sensitivity of superconducting circuits and the reduced thermal noise at low temperature. This makes it promising to study all metallic spin-valve structures, both due to their low impedance and potential for fast switching [7, 8] .
Spin-transfer induced magnetization switching is fundamentally based on the transfer of angular momentum between itinerant electrons and background magnetization. Switching thus requires that the number of electrons that flow through a circuit to be of order of the number of elemental magnetic moments (or spins) in the free layer [9] . This requirement sets the order of magnitude of the product of the current and the switching time (which is proportional to the total number of charges transmitted) in what is known as the ballistic limit, the short-pulse-time limit (typically pulse durations less than several nanoseconds) in which thermal energy has a minimal effect on the switching dynamics [10] . Reducing the magnetization density is thus expected to reduce the switching current. It is also expected to increase the switching speed and thus reduce the switching energy, which is a product of the power supplied and the time the device is energized.
In this article we test this hypothesis by comparing the switching characteristics of spin-valve nanopillars with in-plane magnetized dilute permalloy and undiluted permalloy free layers, but otherwise the same layers, nanopillar shape and size. In both cases the layer stacks are deposited on a Niobium (Nb) bottom electrode to show that integration with superconducting materials is practical. We characterize the pulsed current switching thresholds in the ballistic regime for both composition free layers and find a significant decrease in the characteristic time scale from 1.18 ns for permalloy to 0.475 ns for the dilute permalloy free layer. A macrospin model was used to fit the switching time data with a reduced spintorque asymmetry parameter, reduced spin polarization and increased Gilbert damping for the dilute permalloy free layer.
We investigated two sets of spin-valve nanopillar de- face, reducing the effect of Néel "orange peel" coupling between layers [11] and effects of roughness on the magnetic switching characteristics. Following the deposition, the wafers were annealed at 230
• C and 1 T to set the magnetization orientation of the SAF. The annealed wafers were pattered into elliptically shaped nanopillars of various sizes using e-beam lithography and ion-milling. Here, we present results on devices with a 50 nm × 110 nm cross-section. The devices are characterized by measuring their field and current pulse resistance hysteresis loops at 3.2 K. The state of the device is recorded using a lock-in technique. Small AC currents of 20 and 40 µA are applied for the PyCu and Py free layer device, respectively. Figures 2a) and 2c) show the minor loops of the Py and PyCu free layer device, respectively. The Py sample exhibits a resistance change between the antiparallel (AP) and parallel (P) magnetic configuration of 190 mΩ, while the PyCu free layer device exhibits a ∆R of around 120 mΩ. Both devices show a well-centered hysteresis with a small offset field of 6 mT. Both samples also show a bistable region around zero applied current and current-induced switching with 10 ns duration current pulse with pulse amplitudes of 403 µA (for AP→P switching) and -523 µA (for P→AP switching) of the PyCu free layer (Fig. 2b) ) and 480 µA (AP→P) and -868 µA (P→AP ) for the Py free layer sample (Fig. 2d)) . A difference in the P→AP and AP→P switching current magnitude is often observed in spin-valves and associated with spin-torque asymmetries, as discussed in Refs. [12] [13] [14] .
In order to explore high speed spin-torque switching, short current pulses with durations of less than 5 ns were used. Pulses are applied using a pulse generator (Picosecond Pulse Labs 10,070A) as well as an arbitrary waveform generator (AWG, Keysight M8190A). The first generator provides the short pulses to explore the ballistic regime, while the second generator is used to apply longer (20 ns) duration pulses to reset the magnetization direction of the free layer. To increase the pulse amplitude resolution (below the 1 dB resolution of the pulse generator's internal step attenuator) a voltage controlled variable attenuator (RFMD RFSA2113SB) is employed. The state of the device is determined by applying a small AC current and using a lock-in amplifier to determine the device resistance. The lock-in amplifier is operated at a 4 kHz baseband. We use a bias-tee (Picosecond Pulse Labs 5575A) to combine low-frequency measurement and highfrequency switching pulses (see Fig. 1 ). Two 0 dB attenuators at the 4 K and 50 K stage are utilized to thermalize the center conductor of a ground signal ground (GSG) probe. A small external field (6 mT) applied along the long axis of the ellipse is used to conduct these pulse studies at the midpoint of the free layer hysteresis loop.
The measurement procedure thus consists of applying two square pulses (reset I RST and write I w pulses) with opposite pulse amplitudes and reads after each pulse. We start by applying a reset pulse to bring the device to a known state, either P or AP. We then verified the desired state by measuring the resistance of the device. The subsequent write pulse is applied by the pulse generator and the end state is again determined by measuring the device resistance. The whole procedure is repeated about 64 times for each write pulse amplitude and duration to determine the switching probability. We vary amplitude and duration of the write pulse to create the phase diagrams shown in Fig. 3 . All the pulse measurements were performed at 3.2 K. Figure 3 shows the switching phase diagrams for Pulse Duration (ns)
Pulse Duration (ns) The color in the plot represents the switching probability, where red corresponds to 0% and black is 100%. The blue points represent the 50% switching probability and the solid cyan line shows the fit to the macrospin model described in the main text.
AP→P (left panels) and P→AP transitions (right panels)
for Py (Figs. 3(a) and (b)) and PyCu free layer device ( Fig. 3(c) and (d) ). The results from these samples differ significantly. For longer pulse durations, ∼5 ns, switching of the PyCu free layer device occurs for lower pulse amplitudes, especially for the P→AP transition (Figs. 3(d) ). The PyCu free layer device also switches with high probability for shorter duration pulses than the device with the Py free layer, as seen by form of the switching boundaries (blue points in Fig. 3 ) for pulse durations less than 1 ns. For the P→AP direction comparatively longer pulse durations are required for switching, as discussed further below.
In order to understand the data trends in Fig. 3 we consider a macrospin model, a simple model that provides analytic expressions for the switching times in the ballistic limit and how they vary with material and device parameters [9, 15] . Since the devices are metallic spin-valves (in contrast to magnetic tunnel junctions), the spin-transfer torque angular dependence is expected to be asymmetrical, to be different for angular deviations from the P and AP states, and characterized by a parameter Λ [12] , with a ratio of threshold currents given by I c P→AP /I c AP→P = Λ 2 . Incorporating this asymmetry into a model for switching of biaxial anisotropy macrospins, and following the approach of Ref. [15] , we derive an approximate formula relating the switching speed 1/τ (τ being the switching time) to the overdrive current I −I c . Due to the spin-torque asymmetry, P→AP and AP→P switching differ. While the relation for the former case remains the same as in Ref. [15] ,
for the other switching direction we have
where all currents are taken as positive. In these expressions P is the spin polarization of the current, M s the free layer saturation magnetization, V the free layer volume, γ the gyromagnetic ratio, µ 0 the vacuum permeability, the reduced Planck's constant and e the magnitude of the electron charge (i.e., e > 0). θ 0 is the initial angular deviation of the free layer's magnetization from the easy axis, the deviation the moment the current pulse is applied, discussed further below.
The threshold currents for switching are (c.f. [15] ):
where α is the damping and H k is the easy axis anisotropy field. Important for our analysis, Eqs. 1 and 2 are each are of the form
where τ 0 = ln(π/(2θ 0 ))/(γα(H k + M s /2)) is independent of the switching direction. We therefore fit the experimental data in Fig. 3 with Eq. 5 under the constraint that τ 0 is the same for both P→AP and AP→P switching directions. The fits are displayed as cyan lines in Fig. 3 and the corresponding fit parameters are listed in Table  1 . From this analysis we draw the following conclusions. First, taking the ratios of fit parameters I P →AP c to I AP →P c we find that the spin-transfer torque asymmetry is significantly reduced by diluting the free layer with Cu: for the Py case Λ = 1.44, while in the PyCu free layer device Λ = 1.16. Next, we consider the effect of the dilution on the P→AP switching currents and determine what this implies for the device's material parameters. To this end we note that the uniaxial in-plane anisotropy in our samples can be assumed to be entirely due to the device shape, which is designed to be the same for each device (up to fabrication-induced sample to sample variations, of course). Comparing the P→AP switching currents between the two devices, we obtain the relation
where χ denotes the ratio of the saturation magnetizations M and diluted, respectively. Vibrating sample magnetometry (VSM) measurements give χ = 3.6 (see Table 1 ) and thus from Eq. 6 we find
6. Further analysis gives estimates of the ratio of the spin polarizations in the different free layer devices and also an estimate of the ratio of the damping parameters. This can be achieved by observing that
where the ≈, refers to the assumption that the gyromagnetic ratios do not vary between the devices. The left-hand side of Eq. 7 is obtained from the fits to the experimental data and is approximately equal to 4.21. The two initial angles θ
are expectation values that depend on the device shape, the respective saturation magnetizations, and the temperature. With the saturation magnetizations in Table 1 , the right-hand side of Eq. 7 can be used to estimate the ratio of the spin polarizations P d /P u . To make this estimate, we assume a Boltzmann distribution of the initial magnetization state of the free layer to obtain
where k is the Boltzmann constant and
only depends on the device shape and is assumed to be sufficiently similar for the two samples. The same applies to the device volume V . Inserting Eq. 8 into Eq. 7, we obtain P d /P u = 0.85 for T = 3.2 K. The value depends only weakly on the assumed temperature, ranging from 0.85 at 3.2 K to about 0.82 at 10 K. As a consistency check, we calculate θ
= 0.015 (0.054) which are small enough for Eq. 8 to be a good approximation. The above range of values is consistent with the reduced magnetoresistance observed in the dilute free layer devices (c.f. Fig. 2 ). Finally, we can revisit Eq. 6 to estimate α d αu ≈ 6.5, indicating about a six-fold increase of the damping due to the dilution. This is a large increase, but not entirely unexpected. Mathias et al. [16] found a factor of three increase in the damping with 40% Cu dilution of Py at room temperature. Also, Rantschler et al. [17] found that the damping of Py at room temperature increases by 0.2×10 -3 per atomic percent of Cu. The analysis and particularly the very large apparent increase in damping may also be associated with the lower magnetization and exchange stiffness in the PyCu opening other dissipation channels in spin-torque switching, such as the excitation of spin-waves, or the formation micromagnetic structure in the switching process.
In summary, we have studied nanosecond switching phase diagrams for spin-valve nanopillars with in-plane magnetized PyCu and Py free layers at low temperature. The PyCu free layer sample exhibits reduced switching currents for the parallel to antiparallel configuration and significant speed-up of the characteristic switching time compared to the Py free layer device. This results in greatly reduced switching energies (E = RI 2 τ ) for the PyCu free layer device. While the switching energy for the antiparallel to parallel configuration is reduced from 53 to 18 fJ, the switching energy for the opposite switching direction shows over a seven-fold decrease for the diluted sample from 230 fJ to 32 fJ.
The clear reduction in the energy consumption of the PyCu free layer device as well as its speed-up in the switching characteristics makes it especially interesting as a low-energy data storage solution for superconducting computing. Further, our modeling suggest a means to further significant reductions in the switching energy and increases in device performance metrics. Foremost, larger reductions in switching energy require low magnetization density materials with larger spin polarization and lower damping (for example, Heusler alloys [18] [19] [20] ), which would have the added benefit of increasing the device magnetoresistance while reducing the switching current.
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